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Elasticity of biomolecules plays important roles in many cellular activities, and most of these reactions and pathways depend on the molecular motions and fluid behaviors of biomolecules with their specific elastic properties.
1,2 Although some theoretical and experimental methods have been developed to investigate the elasticity of nucleic acids and proteins, most DNAs and some proteins inherently act as flexible and elastic ligand and receptor with complex behaviors, which make it difficult to study their reaction mechanisms. [3] [4] [5] Among all types of DNA molecules currently studied, aptamer has been considered as a versatile tool for biomedical and biosensing applications. 6 Aptamer refers to short single strand DNA or RNA sequences that have specific interactions with other biomolecules. 6 The specific biochemical properties and relatively low cost have made aptamer a widely used regent in both fundamental research and practical applications. [5] [6] [7] [8] [9] However, aptamers have shown complex biophysical and biochemical behaviors, such as multiple binding sites and multiple reaction pathways. In order to understand the complex elastic properties of aptamers during their reactions, a feasible method that allows the measurements of the detailed reaction properties quantitatively is highly required. [10] [11] [12] [13] Atomic force microscopy (AFM) and dynamic force spectroscopy (DFS) have been used to experimentally determine mechanical and elastic properties of biospecies such as DNA and protein at nanometer level. [14] [15] [16] In theoretical studies, Bell-Evans model, worm-like chain (WLC) model, and Hook's law have been used to explain the elastic behaviors of DNAs or proteins. 13, [17] [18] [19] Great efforts have been made to study the behaviors of single DNA molecule under stretching. [20] [21] [22] [23] However, little is known about elastic behaviors of DNA during their unbinding processes because of the complexity of the DNA binding structures and biophysical properties. 24 In this study, we revealed the single molecule elastic properties from the experimentally measured AFM data, and developed a relatively simple and practical elasticity model to quantitatively explain the elastic behaviors of ssDNA during the single molecule binding/unbinding reaction. This practical elasticity model is based on the DFS measured extension distributions of each unbinding pathway under a wide range of force loading rates. The DFS experimental setup and series-spring model are schematically shown in Fig. 1 . A polyethylene glycol (PEG) chain with molecular weight of 2000, PEG2000, was used as linker and spacer to connect aptamer to the gold coated AFM tip surface. 25 The PEG2000 was treated as an elastic polymer molecule in solvent, and its physical behaviors follow WLC model. 26 The aptamer formed a stable folding structure in PBS buffer, and the applied force will distort and break the connection between aptamer and ricin during the unbinding process. Therefore, their elastic behaviors cannot be studied by a simple WLC model. The ricin protein is simplified as a rigid receptor and molecular docking simulations predicted that it has three binding site for the aptamer (Fig. 1(b) ). Overall, a series-spring model was established to describe this multiple-pathway system ( Fig. 1(a) ).
The molecular basis of the elastic properties in different pathways is that each reaction pathway has its corresponding binding residues on aptamer and ricin surface. The HADDOCK docking simulation and Amber molecular dynamics (MD) simulation showed that the aptamer and ricin can form three stable binding conformations. Figs. S1(b), S1(c), and S1(d) 27 illustrate the predicted active residues for each ricin-aptamer binding conformation. 28, 29 Although their binding areas on ricin surface have overlap, the aptamer binding conformations and ricin active residues have significant differences, as shown in Figs. S1(b), S1(c), and S1(d). 27 Moreover, for the two-loop binding pathway, the predicted ricin binding residues are not simply the sum of the ones for individual loop binding. Indeed, the simulations results 27 suggested that the unbinding reactions can happen through three pathways. The pathway 1 (labeled as binding conformation (I) in Fig. 1(b) ) happens between ricin and aptamer loop#3, as shown in Fig. S1 (c), 27 with the small "most probable unbinding extension value" in each extension histogram (peak 1 in Figs. 2(a) and 2(b)). The pathway 2 (labeled as binding conformation (II) in Fig. 1(b) ) happens between ricin and loop#1, as shown in Fig. S1(b) . 27 The pathway 3 (labeled as binding conformation (III) in Fig. 1(b) ) happens between ricin and loop#1-loop#3 simultaneously, as shown in Fig. S1(d) . 27 The pathways 1 and 2 have different most probable unbinding force values (Figs. S2(a) to S2(e)), 27 but the most probable extension values are very similar and merged to one peak (peak 2 in Figs. 2(a) and 2(b)) in the extension histogram. These experimental data indicate that PEG2000 linker and aptamer have their specific elastic properties during the binding-unbinding processes through different pathways.
We measured the force-extension curves under three ranges of loading rates (examples shown in Fig. 2 ) and used 250 curves to construct both the force and extension histograms for each loading rate. Under low loading rate 0.24 nN/s, 2.72 nN/s, 15.37 nN/s, 38.02 nN/s, and 51.64 nN/s, the force histograms showed three peaks (Figs. S2(a) to S2(e)), and the extension histograms showed two peaks (Figs. S3(a) to S3(e)). 27 Under medium loading rates 82.06 nN/s and 100 nN/s, force histograms showed two peaks (Under high loading rates 200 nN/s, 400 nN/s, and 600 nN/s (Figs. S2(h) to S2(j), Figs. S3(h) to S3(j)), 27 only one peak was observed in both the force histograms and extension histograms.
For the PEG2000 linker molecule (as part of the seriesspring model in Fig. 1(a) ), a modified WLC model was used to fit the stretching of PEG2000 in the force-extension curves. 26 The contour length of 15 nm, persistence length of 0.38 nm, and enthalpic correction of 1561 pN were used for the extended WLC model of PEG2000 26 and directly adopted in our calculations. Tables S1 and S2 27 showed the simulations of PEG extension, spring constant (k PEG ) calculations, and experimentally measured extension values under different loading rates.
Based on the series-spring model in Fig. 1(a) , the total extension z is the sum of PEG extension (z 1 ) and aptamer extension (z 2 ) under the same unbinding force. Therefore, we can estimate the apparent spring constant of aptamer (k apt ) during the entire stretching and unbinding process, and this parameter is directly related to the three unbinding pathways. If we ignore any detailed structural and environmental effects, the k PEG , k apt , unbinding force f, and total extension z total should follow the relationships in the series springs:
The k PEG and k apt values estimated by this series-spring model are listed in Table I . The details of these calculations were shown in Tables S1 and S2 . 27 Under low and medium loading rates, the PEG in WLC model showed increasing k PEG values with the increase of force. 26 For the aptamer, different unbinding pathways showed their corresponding k apt values, which were not affected by the changes of loading rates. This phenomenon is especially very clear for pathway 2 through a wide range of loading rate, which indicates that the aptamer binding conformation in this pathway showed very consistent elastic properties during the unbinding reaction.
The data from Table I were also used to study the influence of different unbinding pathways on the elastic properties of PEG and aptamer. Pathway 1 can be clearly distinguished with the force histograms (Fig. S2 ) and extension histograms (Fig. S3) , 27 but the aptamer did not show a consistent k apt value under different loading rates. Under lowest loading rates 0.24 nN/s, 2.72 nN/s, and 15.37 nN/s, the estimated aptamer extensions continued to decrease until it is even smaller than the WLC extension of PEG2000 (Table S1) . 27 One reason is that the errors of the measured unbinding forces will significantly increase from a combination effect of lower loading rates (e.g., 10 nN/s) and longer linker molecule. 22 Here, the linker PEG2000 is about 15 nm, which can cause significant errors in the measured force values, and in turn lead to the large errors in the estimated PEG extension values. Therefore, the simulated PEG extension values in Tables S1 and S2 27 could be overestimated. Another reason for the large error is that the interaction through pathway 1 was so week that it was easily interfered by the errors from the experimental measurements. The aptamer in pathway 1 always showed the smallest unbinding force value under each loading rate. Therefore, the energy barrier for the unbinding process through pathway 1 is always the lowest compared to other pathways under the same loading rate. The PEG extension to overcome this low energy barrier (z 1 ) dominated the elastic process in pathway 1, and the aptamer extension (z 2 ) became comparable to the thermal noise in DFS measurements. According to the calculations in Table S1 , 27 the z 2 values for pathway 1 became invalid under relatively larger loading rates, which are mainly caused by the two reasons mentioned above.
On the contrary, based on molecular dynamics and docking simulations, the aptamer in pathway 2 and 3 show more contact areas to ricin surface ( Fig. 1(b) ), which indicate that the unbinding forces generated from these two pathways were large enough to dominate the extension measurements. Consequently, these two pathways showed very consistent z 2 values under different loading rates, and in turn maintained very consistent k apt values in a large range of loading rates (Tables S1 and S2) . 27 Overall, the calculations of k apt values from the extension distributions are consistent with our multiple-barrier multiple-pathway model and can be used to distinguish the three pathways. The disagreement between the aptamer spring constants calculations for Pathway 1 and the ones for other pathways showed the limitation of the series-spring elasticity model, which works well for certain experimental conditions and aptamer conformations. However, the multiple-pathway model is still valid for all of the experimental histograms in Figs. S2 and S3. 27 The k apt for pathway 2 fitted the series-spring model best in a large range of loading rates. The k apt for pathway 3 showed the same consistency as long as it existed in force histograms under low loading rates. Under the high loading rates, the unbinding processes happened through a new pathway with different unbinding energy barrier, 30 and the three-pathway model will not be valid any more. Overall, these consistent k apt values for their corresponding pathways proved that the aptamer-ricin complex has its specific elastic properties for different unbinding pathways. The k apt values can be used as a special elastic parameter to distinguish different unbinding pathways under proper experimental conditions.
To test the reliability of these estimated spring constants for different pathways, we simulated the force-extension curves using the series-spring model in Fig. 1(a) . The unbinding force value was set by the measured forceextension curve, and the estimated k apt values of the three pathways were used to construct their corresponding total extension values. Finally, the experimental extension value was compared with the simulated ones, and classified into one of the three pathways. The comparison of experimental force-extension curves and the simulated ones under loading rate 51.64 nN/s are shown in Fig. 3 . The representative f-d curves under other loading rates are shown in Fig. S4 . Under each loading rate, the experimental curve (black) was compared with three simulated curves constructed for their corresponding pathways. When k apt value was not available, the simulated PEG extension curve was used to represent the total extension. These experimental curves can be called "the most probable curves" for their corresponding pathways. For example, the experimental curve in Fig. 3(b) (black) fits both force and extension values of the simulated curve for pathway 2 (green, labeled as II), which indicates that this experimental curve is the most probable unbinding curve for pathway 2 under 51.64 nN/s.
The standard deviation (61r) of each Gaussian fitting peak in Fig. 2 was used to classify each experimental forceextension curve into a certain pathway or into the "unknown" group. Some experimental curves have the extension values drifting so far away that the difference between the measured extension and any of the three simulated extension is larger than 1r. Those curves were classified as "unknown" for each loading rate. After each individual force-extension curve was checked, a new histogram was made to show the curves distributions for the three pathways and unknown groups under the same loading rate (Fig. 4) . For example, under loading rate 0.24 nN/s, 97 out of 250 force-extension curves can be classified into one of the three unbinding pathways. Among them, 43 curves were classified into pathway 1 (labeled as I), 30 curves were classified into pathway 2 (labeled as II), and 24 curves were classified into pathway 3 (labeled as III). The rest 153 curves were classified into unknown group, labeled as "Unknown" in Fig. 4(a) . Therefore, 61% (153) of the f-d curves can not be determined to a certain pathway by this analysis. That ratio is larger than the one simply determined by 1r deviation of the extension histogram (1 À 68% ¼ 32%). Overall, the combination of force and extension as the criteria can put more curves to the unknown group, which indicates those curves may not be specific for any ricin-aptamer unbinding pathway. The uncertainty for the remaining curves was greatly reduced and can be used more confidently as specific f-d curves for ricin-aptamer interactions. The method we developed here can be used to distinguish the specific unbinding pathways for individual forceextension curves measured in a multiple-pathway system. Although analysis may be limited by thermal noise, errors caused by linker molecule, and certain binding conformations, the experimental data and theoretical simulations agreed with each other in a relatively simple series-spring elasticity model. The principles used in this model can be applied to the studies of other systems with multiple unbinding pathways, such as the interactions of biomolecules on cell surface or protein-nucleic acid interactions involved in cellular activities, where the non-specific interaction is always a serious issue for data analysis. With the help of this approach, DFS force-extension curves for a specific biophysical process or reaction pathway can be selected by its corresponding elastic parameters, while the uncertainty in the results of single molecule experiments can be significantly reduced.
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